Several studies have demonstrated a functional role for the V1-V2 region of the human immunodeficiency virus type 1 (HIV-1) envelope surface glycoprotein gpl20 in the membrane fusion processes underlying viral entry and syncytium induction. In a study with chimeric primary envelope genes, we have previously demonstrated that the exchange of V2 regions was sufficient to transfer syncytium-inducing capacity to a nonsyncytium-inducing envelope protein. The exchanged V2 regions, comprising a number of variable amino acids, conferred changes to both the predicted secondary structure and to the net positive charge of the V2 loops. In a syncytium-forming assay based on transient en-velope protein expression in CD4 + SupT1 cells, we have extended this observation by mutating the variable positions of the V2 region to determine the relative contribution of individual amino acids to syncytium formation. It can be shown that simultaneous mutation of multiple amino acids is needed to interfere with the V2 region-determined syncytium-inducing phenotype. Single amino acid changes either influencing charge or predicted secondary structure of the V2 loop proved to be insufficient to abolish V2 region-controlled syncytium formation. This robust V2 organization may allow the virus to accumulate mutations, while retaining its biological phenotype.
Introduction
Human immunodeficiency virus type 1 (HIV-1)-induced syncytium formation and viral entry are the result of membrane fusion processes and are both initiated by the binding of the viral surface glycoprotein gpl20 to the CD4 receptor molecule expressed on target cells (Dalgleish et al., 1984; Lifson et al., 1986a, b; Popovic et al., 1984) . This receptor binding induces conformational changes resulting in the increased exposure of regions of gpl20, dissociation of gpl20 from the transmembrane glycoprotein gp41 and unmasking of gp41 epitopes (Hart et al., 1991; Moore et al., 1990 Moore et al., , 1993 Sattentau et al., 1993; Sattentau & Moore, 1991) . Both cellular and viral determinants involved in these events, and thus involved in viral entry and syncytium formation, have been identified. The principal viral determinants are located * Author for correspondence. Fax +31 10 4365145. e-mail osterhaus@viro.fgg.eur.nl t Present address: Laboratory of Viral Pathogenesis, Biomedical Primate Research Centre, Rijswijk, The Netherlands. $ Present address: Regional Primate Research Center and Department of Pathobiology, University of Washington, Seattle, Washington, USA. on the envelope glycoproteins (Lifson et al., 1986a; Sodroski et al., 1986) and their further identification will contribute to the understanding of HIV-l-induced membrane fusion processes.
In addition to studies with mutant (mostly T cell lineadapted) viruses, studies with chimeric viruses have also helped to identify determinants that control the biological properties of HIV-1. Studies with chimeric viruses have shown that the V3 region of gpl20 is a major determinant for cell tropism and syncytium induction (Hwang et al., 1991 ; Shioda et al., 1991) . Similarly, it has been demonstrated that the variable envelope regions V 1 and V2 are also involved in these processes (Andeweg et al., 1993; Groenink et al., 1993; Freed & Martin, 1994; Koito et aL, 1994; Westervelt et aL, 1992; Boyd et al., 1993) . In a study with chimeric envelope genes generated from a small set of genetically highly related envelope genes, obtained from a single patient at a single time point, we recently identified a region on the transmembrane protein gp41 determining syncytium formation and tropism (A. C. Andeweg et al., unpublished results) .
The V2 and V1 regions of the surface glycoprotein gpl20 form a double loop structure through common disulphide bonds (Leonard et al., 1990) . In multimeric 0001-3177 © 1995 SGM envelope proteins expressed at the surface of infected cells the V2 loop exposure is increased as a result of sCD4 binding Moore et al., 1993) , and mutation of conserved amino acid residues of the V2 region was shown to interfere with the capacity to induce syncytia while sCD4 binding capacity was retained . These data collectively suggested a role for the V2 loop in a post-receptor binding event in membrane fusion. A functional role for the V2 region in membrane fusion was also suggested by the detection of neutralizing antibodies directed to the V2 region (Fung et al., 1992; Davis et al., 1993; Ho et al., 1991; McKeating et al., 1993; Gorny et al., 1994) . The screening of a large set of V2 regions from viruses with different syncytium-inducing (SI) capacities suggested a correlation between V2 region length and SI capacity (Groenink et al., 1993) . In a similar study we demonstrated that the increased length of the V2 region is also associated with the insertion of N-linked glycosylation sites through AAT triplet reiteration, suggesting a mechanism by which epitopes on the V2 loop are masked from immune surveillance (Bosch et al., 1994) .
We have demonstrated that variation in the V2 region alone is sufficient to change considerably the SI capacity of transiently expressed chimeric envelope proteins (Andeweg et al., 1993) . The exchanged V2 region harbouring a number of variable amino acids conferred changes to both the predicted secondary structure and to the net positive charge of the V2 loops. In the present study we have extended these observations by mutating the variable positions of the V2 region to determine the relative contribution of individual amino acids to syncytium formation.
Methods
Construction of mutant chimeric envelope genes. Previously we genetically and phenotypically characterized a set of envelope genes from HIV-1 clones obtained from a single donor at a single time point. These were designated 16.1 to 16.4 (Andeweg et aL, 1992) . For the present study we have introduced a series of synthetic V2 regions into the 16.3 non-syncytium-inducing (NSI) envelope gene. The V2 regions were produced by cloning T7 DNA polymerase (Sequenase; USB)extended products of two mutually priming long oligonucleotide pairs as depicted in Fig. 1 (a) . The primers used to construct the wild-type 16.1 V2 region are shown in Fig. 1 (b) . Mutant V2 regions were produced using similar primers containing the desired sequence changes and/or site-directed mutagenesis of constructed (mutant) V2 regions according to the method of Deng & Nickoloff (1992) . The generated synthetic V2 regions were cloned into the 16.3 NSI envelope gene using the unique SpeI restriction site (already present at a position corresponding to amino acid residue 144; Andeweg et aL, 1992) and a Bfrl site created by site-directed mutagenesis (located at a position corresponding to amino acid residue 242). The introduction of this BfrI site and of the designed AspI site inside the V2 region did not change the predicted parental amino acid sequences. This cloning strategy resulted in chimeric envelope genes identical to the parental 16.3 NSI gene but coding for different V2 amino acid sequences, as shown in 
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The cloning strategy of synthetic 16. l-based V2 regions into the NSI 16.3 envelope gene is illustrated. T7 DNA polymeraseextended products of two mutually priming long oligonucleotide pairs were ligated at a designed central AspI site and subsequently inserted into the NSI 16.3 envelope gene using the V2 region flanking restriction sites SpeI and BfrI (the latter generated by site-directed mutagenesis) as indicated. (b) The primer sequences used to construct the synthetic wild-type 16.1 V2 region are given. Indicated are: the incorporated restriction sites (double-underlined), the complementary regions for mutual priming (single-underlined), and the triplets that were individually or simultaneously changed (bold) to produce the set of different V2 regions as shown in Fig. 2 . For these marked wild-type 16.1 triplets the originally encoded amino acid is indicated in the one letter amino acid code. Fig. 2 . The entire cloned region of all generated chimeric mutant envelope genes was sequenced to verify correct assembling.
Transient envelope gene expression. All generated chimeric envelope genes were cloned in the simian virus 40-based expression vector pSRHS as previously described (Andeweg et al., 1993; Dubay et al., 1992) . Subsequently these constructs were transfected into SupT1 cells by electroporation. Cells (5 x 10 n) were mixed with 20 gg DNA in 250 gl RPMI 1640 (Gibco) supplemented with 10 % fetal calf serum in a 4 mm electroporation cuvette (Eurogentec). After electroporation (Bio-Rad Gene Pulser; 200 V, 960 gF) the cells were transferred to culture flasks with RPMI 1640 medium. One day post-transfection, viable cells were isolated on a Ficoll density gradient and cultured for an additional 4 days. At 3 days post-transfection the relative expression of envelope protein was determined in supernatants and cell lysates in an ELISA as previously described (Andeweg et al., 1993) . The catching antibody D7324 (Aalto BioReagents) used in this ELISA is directed to the conserved C-terminal 15 amino acids of gpl20, indicating that both gpl20 and gpl60 wilt contribute to the signals obtained. Finally, envelope protein processing and expression kinetics were examined by radioimmunoprecipitation assay (RIPA) and by testing multiple cell 
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1 Net positive Helix charge predicted
Predicted amino acid sequences of the two parental V2 regions (16.1 SI and 16.3 NSI) aligned with the generated single and multiple V2 region mutants. Identity with the 16.1 sequence is indicated by (.), (-) represents a deletion. Charged residues in the SI 16.1 sequence are indicated at the top, the net positive charge of all listed V2 regions is indicated at the right. The last column lists whether an s-helical structure is predicted. 
Results

Construction of mutant chimeric envelope genes
Sixteen chimeric envelope genes were constructed on the basis of the 16.3 NSI envelope gene in which a series of synthetic V2 regions were inserted. The set of inserted V2 regions represented wild-type and mutant V2 sequences of the 16.1 SI envelope gene, which were mutated toward the 16.3 NSI sequence at single and multiple positions (Fig. 2) . The transient expression of these genes allowed us to study the contribution of the observed variable amino acids in the V2 region to the membrane fusion process underlying syncytium formation.
* Values given are relative A4~ o levels obtained by ELISA in a single representative experiment. The level of envelope gene expression for each construct in cell lysate or supernatant was expressed relative to the construct for which the highest expression level was observed (HN and mutant 3 for env expression in cell lysate and supernatant, respectively).
t Ratio between the amount ofgpl20 present in the culture medium and the amount of envelope proteins determined in cell lysate, expressed relative to the highest ratio as observed for construct mutant 3.
Transient envelope gene expression
Expression of the chimeric envelope genes in the transfected cells was monitored by ELISA. In Table 1 , the relative amounts of gpl20/gpl60 present at 3 days after transfection are listed, both for cell-associated and shed glycoproteins in a single representative experiment. The ratio between the amount of gpl20 present in the culture medium and the amount of envelope proteins determined in cell lysates for each construct is also presented. The relative amounts of envelope proteins present in the cell lysate and supernatant varied by twoto threefold. On average 35 % of the envelope proteins present at day 3 were present in the culture medium (data not shown). The observed ratio varied twofold when comparing all expressed chimeric genes (Table 1) . SupT1 cells transfected in parallel by electroporation with a flgalactosidase-encoding control plasmid (Pharmacia) demonstrated that under the conditions described 3 to 5 % of the cells were successfully transfected (data not shown). Since we observed a considerable delay in syncytium formation for some of the constructs, envelope processing kinetics was determined by RIPA using COS-7 cells. In this assay we used adherent COS-7 cells since these cells are efficiently electroporated (up to 25 % of the cells become transfected; data not shown). As demonstrated in Fig. 3, gpl60 expression, cleavage and gpl20 shedding into the supernatant occurred within 16 h for all envelope constructs analysed.
Syncytium induction assay
Expression of the chimeric NSI envelope gene 16.3 with a V2 region sequence derived from the 16.1 SI gene resulted in syncytium formation in SupT1 cells as shown in Fig. 4 , which confirmed data from previous studies (Andeweg et al., 1993) . Monitoring the transfected cell cultures for 5 days revealed that all other chimeric constructs induced syncytia upon expression but significant differences in kinetics and size were observed (Fig.  4) . Relative to the complete unmodified 16.1 SI envelope the chimeric envelope construct '16.1' containing the 16.1 SI-derived V2 region in an NSI envelope background displayed delayed syncytium formation. Further delay in syncytium induction for some of the chimeric V2 envelope constructs was observed upon the introduction of one or more mutations in this region. The most prominent delay was observed with mutant 2 and mutant 4. In contrast to the other chimeric envelope proteins, both induced only small syncytia and this occurred only after prolonged times in culture (Fig. 4) . The mutations influenced either the overall net charge of the V2 region, the predicted secondary structure, or both. These changes are indicated in Fig. 2 . Garnier-Robson analysis (GarNer et al., 1978) predicted the formation of an ehelix for the SI 16.1 V2 region, which was not the case for the NSI 16.3 V2 region or for mutants AV, HY, HR, or mutant 1. These mutants did not display a significantly altered syncytium-forming capacity compared to the wild type ' 16.1' construct. Likewise, mutants R-, HY, DN, KT, HN and mutants 1 and 3, which differ in net positive charge from the 16.1 V2 region, did not significantly reduce the size of the induced syncytia. However, combination of multiple mutations which introduced differences in charge and two mutations which abolished the predicted secondary structure (mutant 4) almost completely abolished syncytium formation. Mutant 2 contained the histidine to arginine change that was also found in mutant HR. The introduction of arginine was different from all other changes made in that an arginine has never been found in this position in all the HIV-1 envelope genes sequenced to date; all the other changes were based on their 'natural' occurrence in 16.3. The HR mutant was constructed since it affects only the predicted e-helix, whereas the natural HY variation at this position also affects the net charge of the V2 region. As shown in Fig.  4 , the histidine to arginine change at this position was not tolerated in combination with the alanine to valine mutation also present in mutant AV. The combination of these two mutations in mutant 2 abrogated syncytium formation.
Discussion
We have shown by mutational analysis based on the natural sequence diversity in the V2 region of the HIV-1 envelope glycoproteins, obtained from one individual at a single time point, that simultaneous mutation of multiple amino acids is needed to interfere with V2 region-determined syncytium induction.
Monitoring transfected cell cultures for 5days revealed that all chimeric envelopes constructed in these experiments induced syncytia upon expression, but also that significant differences in kinetics and size were observed (Fig. 4) . The envelope expression as demonstrated by ELISA 3 days post-transfection revealed no major differences in the levels of envelope expression in cell lysates and supernatants. Furthermore the ELISA data demonstrated that expression of the chimeric envelope genes resulted in the shedding of similar amounts of gpl20 in culture supernatant for all the envelope constructs. These envelope protein expression levels were similar to levels routinely detected in experiments in which we showed that envelope protein expression was not a limiting factor in syncytium formation. The expression levels were at least eight times greater than those sufficient for immediate massive syncytium formation (data not shown). Finally all envelope-expressing constructs were assayed independently for their SI capacity at least three times. Essentially identical results were obtained for each of the constructs tested. These data showed that limited or variable envelope protein expression did not introduce a bias in the observed SI capacity of the envelope genes tested.
Relative to the complete unmodified 16.1 SI envelope the chimeric envelope construct '16.1 ', containing the SI-derived V2 region in an NSI envelope background, displayed delayed syncytium formation, indicating that the kinetics of syncytium formation is at least in part determined by regions outside the V2 domain. Further delay in syncytium induction of most of the chimeric V2 envelope constructs was observed upon the introduction of one or more mutations in this region. The most prominent delay was observed with mutant 2 and mutant 4 which, in contrast to the other chimeric envelope proteins, induced small syncytia after prolonged periods of time in culture (Fig. 4) . To examine a possible correlation between the delay in envelope function (syncytium induction) on the one hand and envelope protein processing and expression kinetics on the other, we performed RIPA and tested multiple cell lysate and supernatant samples over time in ELISA. The results presented in Fig. 3 demonstrate that gpl60 expression, cleavage and gpl20 shedding into the supernatant occurred within 16 h for all envelope constructs analysed, including mutant 2 and mutant 4. Moreover, cell lysates and supernatants from cultures transfected with mutant 2 or mutant 4, taken 24 h after electroporation, already showed similar levels of envelope expression to those obtained with the other constructs when tested in ELISA (data not shown). These results indicate that the delayed appearance of syncytia seen for mutants 2 and 4 is not due to reduced processing or expression kinetics of these envelope proteins. Therefore we concluded that the phenotypic differences observed are the direct consequence of the amino acid sequences of the expressed envelope glycoproteins. The efficient processing, transport, cleavage and shedding of gpl20 for all the different constructs suggested that the phenotypic differences observed were due to differences in envelope proteins that are present at the cell surface and differ qualitatively in the ability to mediate the membrane fusion process. Our data indicate that the naturally occurring sequence variation in the V2 region does not significantly influence the precursor processing and subunit association of the envelope proteins. This is in contrast to mutations of conserved amino acids in this region of the T cell line-adapted HXBc2 envelope glycoprotein as demonstrated by Sullivan et al. (1993) .
Gamier-Robson computer analysis suggested that the V2 variation at residues 8 and 17 greatly affects the predicted secondary structure of the V2 loop (Andeweg et al., 1993) . The N-terminal part of the SI-derived V2 region is very likely to form a stable or-helix which is not predicted for the NSI V2 region. In addition, the amino acid variation observed results in a more positively charged V2 region for the SI envelope gene than for the NSI gene (Andeweg et al., 1993) .
We have shown here that the envelope function in syncytium induction is not lost when variable residues affecting only the predicted e-helix or the charge of the V2 region are changed. Only multiple simultaneously introduced mutations interfered with the SI phenotype, demonstrating that the SI configuration is a solid property of the V2 region. Mutants R-, HY, DN, KT, HN, 1 and 3, which differ in net positive charge from the 16.1 V2 region, did not display a significantly decreased capacity to induce syncytia. This observation demonstrates that the observed differences in SI capacity of primary envelope proteins determined by the V2 region is not controlled by charged amino acid residues. These results may indicate a fundamentally different role for the V2 region in syncytium formation to that of the previously defined role of the V3 region in this process, since the presence of positively charged residues in this V3 region strongly correlates with the SI phenotype (Fouchier et al., 1992) . Several studies indicated physical or functional interactions of the V2 region with other envelope regions like C4 (Freed & Martin, 1994; Moore et al., 1993; Andeweg et al., 1993) . Interestingly, in the chimeric envelope proteins expressed here, syncytium formation is not affected by numerous changes in the V2 region. Since we have shown that the 16.1 V2 region supports syncytium formation in different NSI backgrounds (Andeweg et al., 1993) , functional interactions with other envelope regions in our chimeric envelopes are not seriously disturbed or lost. This is probably due to the high degree of sequence similarity in the parental envelope genes used in this study (Andeweg et al., 1992) . Apparently, the robust V2 organization allows the virus to accumulate mutations as a means of escape from immune selection pressure (Yoshiyama et al., 1994; Lamers et al., 1993) , without necessarily having direct consequences for biological properties. This flexibility would be additional to that achieved by anchoring important biological properties in different regions of the envelope glycoproteins, like the association of determinants for syncytium formation and cell tropism with multiple variable regions of gpl20 (V1, V2 and V3) and gp41 either independently or in concert. This complex but flexible organization may hamper attempts to interfere with the biology of HIV-1 through immunological or other intervention strategies.
